Molecular adsorption on a sensing surface involves molecule-substrate and molecule-molecule interactions. Combining optical systems and a quartz crystal microbalance (QCM) on the same sensing surface allows the quantification of such interactions and reveals the physicochemical properties of the adsorbed molecules. However, low sensitivity of the current reflection-based techniques compared to the QCM technique hinders the quantitative analysis of the adsorption events. Here, a layer-by-layer surface modification of a QCM sensor is studied to increase the optical sensitivity. The intermediate layers of organic-inorganic molecules and metal-metal oxide were explored on a gold (Au) surface of a QCM sensor. First, polyhedral oligomeric silsesquioxane-derivatives that served as the organic-inorganic intermediate layer were synthesized and modified on the Au-QCM surface. Meanwhile, titanium oxide, fabricated by anodic oxidation of titanium, was used as a metal-metal oxide intermediate layer on a titanium-coated QCM surface. The developed technique enabled interrogation of the molecular adsorption owing to the enhanced optical sensitivity.
Introduction
The adsorption of biomolecules on a substrate is the first step to understand biomolecular dynamics at solid-liquid interfaces in most biosensing techniques. A quartz crystal microbalance (QCM) is a label-free mass detection technique to analyze an event based on the resonance frequency change of a quart crystal sensor with gold (Au) electrodes. A 2-MHz AT-cut QCM sensor enables highly sensitive detection in an aqueous solution and has been utilized for biomolecular analysis. [1] [2] [3] [4] Meanwhile, the acoustic response of QCM in the liquid phase is known to include "coupled" oscillation of water with the adsorbates 5, 6 and reflect the physicochemical properties of the adsorbed film, such as structural dynamics, 7 viscoelasticity, 8, 9 hydration. 10 Those properties provide clues for understanding the underlying mechanism of the molecule-substrate and molecule-molecule interactions. 11 Since optical sensing techniques, such as surface plasmon resonance 12, 13 and reflectometry, [14] [15] [16] detect the surface mass, such systems have been combined with QCM on the same sensing surface to evaluate the properties of biomolecules and to reveal underlying mechanisms of the interactions. Particularly, a reflection-based system, utilizing light reflection perpendicular to the sensing surface, has a less complex setup compared to other optical systems and allows for the simultaneous detection of biomolecules. 17 However, current reflection-based systems show low sensitivity compared to the QCM system and hinder further characterization of the adsorption events. The sensitivity should be improved to quantitatively detect and analyze surface phenomena.
In this study, the surface modification of a standard Au surface of the QCM sensor is explored. Previous studies showed that surface modification enhanced the optical 18, 19 and QCM responses. [20] [21] [22] The matrix transfer method also predicts that an intermediate layer with different optical properties from a substrate alters the optical response. 23, 24 To exploit the concept, organic-inorganic and metal-metal oxide layers were fabricated on the Au-QCM surface, and the sensitivity was compared. First, polyhedral oligomeric silsesquioxane (POSS)-derivatives were introduced to the Au-QCM surface to observe the optical responses. The modified surfaces were interrogated by atomic force microscopy (AFM) to understand the underlying mechanism of the optical change. Alternatively, a titanium dioxide (TiO2) layer was generated on a titanium (Ti)-coated QCM surface by anodic oxidation. 25 Calibration to convert the QCM and optical units to the same mass unit was achieved by the formation of a lipid bilayer on the surface. The adsorption of bovine serum albumin (BSA) and neutravidin (NAv) was quantitatively measured on the surface.
Experimental
Reagents and chemicals (3-Aminopropyl)triethoxysilane, mercaptopropylisobutylsilsesquioxane (POSS-SH), N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), sodium 3-(trimethylsilyl)-1-propanesulfonate (TMSP), tetramethylsilane (TMS), bovine serum albumin (BSA), 20% hydrogen peroxide (H2O2), 12 M hydrochloride (HCl), Amberlite IRA-400 chloride form, sulfuric acid (H2SO4), deuterium oxide (D2O), deuterated dimethyl sulfoxide-d6 (DMSO-d6), dry methanol (MeOH) were purchased from Sigma-Aldrich (USA). 3,3′-Dithiodipropionic acid and succinic anhydride, were purchased from Nacalai Tesque (Japan). 6-{4-[(1,6-Dioxo-1,6-bis(tetradecyloxy)hexan-2-yl)carbamoyl]phenoxy}-N,N,N-trimethylhexan-1-ammonium bromide (calibration lipid) was a gift from Dr. Takayoshi Kawasaki.
Synthesis and analysis of POSS-NH2 compound
The synthesis and analysis of POSS-NH2 were followed by a previously described method 26 and the results are summarized in Fig. S2 (Supporting Information) . Briefly, 1 L dry MeOH was poured into a 2-L flask and degassed for 30 min by a nitrogen purge. (3-Aminopropyl)triethoxysilane (125 mL, 0.50 mol) was added into the flask and a 12 M HCl solution (110 mL, 4.9 mol, 9.0 eq) was dispensed drop-by-drop. The flask was sealed and stirred for 2 weeks at room temperature. The solution was cooled in a refrigerator and filtrated to collect the product (POSS-NH3Cl). The product was purified by recrystallization in dry MeOH: 6.8% yield (5.3 g). The product was deionized by ion-exchange chromatography using Amberlite IRA-400. The final product (POSS-NH2) was analyzed by 1 H-NMR, FT-IR, and MALDI-TOF-MS (core facility at Tokyo Institute of Technology, Japan).
QCM-optics setup
A 27-MHz QCM (AFFINIX QN, ULVAC, Japan) was combined with a spectrometer (SpectraSuite, Ocean Optics, USA) and a white-LED-sourced optical probe to monitor the reflectance on an AT-cut QCM sensor (Scheme S1A, Supporting Information). A QCM chip was installed in a 5-mL glass container with a magnetic stir bar (QCMMGS, ULVAC, Japan), where temperature was machine-controlled (± 0.1 C). The QCM recorded the time-lapse frequency (∆F) every second and the spectrometer collected time-lapse reflection spectra (∆R) in hundreds of milliseconds, where the data points was synchronized using a moving average to obtain one data point per second.
Chemical modification of the Au-QCM surface
Au-sensor QCM chips (QCMST27C, ULVAC, Japan) were used for a surface modification (Scheme S1B). A 50-μL solution of 4 mM 3,3′-dithiodipropionic acid in DI-water or 140 mM POSS-SH in chloroform was added on the cleaned Au-QCM surface to form a self-assembled monolayer (SAM). A 4-nm Au layer was deposited on the SAM surface by vacuum deposition.
For the POSS-modified surfaces, SAM of 3,3′-dithiodipropionic acid was first formed on the Au-QCM surface and then activated for 20 min by 100 μL of 100 mg mL -1 EDC-NHS in DI-water. After intensive washing by DI-water, 50 μL of 140 mM POSS-NH2 in a one-to-one mixture of methanol and water was added and incubated for 1 h to covalently bond POSS-NH2 via crosscoupling. After another intensive wash by DI-water, 1 -7 nm of a Au layer was formed on the POSS-modified surface by vacuum deposition. This process was repeated to make 1 -3 Au/POSS repeating layers on the Au-QCM surface.
For the POSS-accumulated surfaces, 100 μL of 1 mg mL -1 succinic anhydride in DMSO was added on the POSS-NH2 modified surface before Au deposition to convert residual amine groups to carboxyl groups. EDC-NHS activation was performed and POSS-NH2 was covalently attached using the aforementioned protocol. This process was repeated to form three and five POSS-accumulated layers on the Au-QCM surface. Finally, a 4-nm Au layer was formed on the POSS-accumulated surfaces by vacuum deposition.
Vacuum deposition of Au particles and cleaning of the QCM surfaces
Vacuum deposition of Au particles was conducted on standard Au-QCM and modified QCM surfaces by vacuum deposition equipment (VPC-061, ULVAC, Japan). The thickness of the deposited Au layer was carefully monitored and the deposition was immediately stopped when the measured layer thickness reached the planed thickness. The Au-top QCM surfaces were treated with a piranha solution (H2O2:H2SO4 = 1:3) for 3 min repeated by 3 times. The TiO2-top QCM surfaces were cleaned by UV-ozone irradiation (UVO-Cleaner, JeLight, USA) for 25 min. The cleaning processes were performed immediately before measurement.
Anodic oxidation of the Ti-QCM surface
The detailed procedure is described in detail elsewhere. 25 The light reflection was collected perpendicular to a Ti-coated Au-QCM chip (QCM27C-TI, ULVAC, Japan). A 5-mL glass container was filled with a 100 mM NaOH solution and a Cu coil was fixed in the container. The voltage (21 V -1 mA) was applied until the reflection spectrum matched a theoretical reflection spectrum simulated by the transfer matrix method to form a 35 -40 nm TiO2 layer (Fig. S6A, Supporting Information) .
BSA adsorption and SAM formation on the QCM surfaces
BSA at a final concentration of 25 μg mL -1 and 3,3′-dithiodipropionic acid at a final concentration of 50 μM were adsorbed onto the modified QCM surfaces and a 4-nm Au/POSS/Au-QCM surface, respectively, in a 4-mL water-filled QCM sample container at 25 C. The BSA adsorption on the Au-QCM surface was adopted where a slope of ∆R divided by ∆F was used as the standard. The optical enhancement was compared among the modified surfaces and the values were expressed as mean ± standard deviation (n = 3).
AFM measurement of the modified surfaces
The Au-QCM, POSS/Au-QCM, Au/POSS/Au-QCM before and after the piranha treatment, and TiO2/Ti/Au-QCM surfaces were scanned by AFM in the tapping mode (Nanoscope IIIa, Veeco, USA) using a gold-coated probe (k = 0.02 N m -1 : OMCL-TR400PSA-1, Olympus, Japan).
Mass and viscoelastic contributions in QCM measurement
When solid and hydrophobic materials are immobilized on the surface of a QCM chip, they behave as an elastic film, as described by the Sauerbrey equation given by
where ∆F is the frequency shift (Hz), ∆m the mass change (g), F0 the resonance frequency, A the electrode area (cm 2 ), ρq the density of quartz (g cm -3 ), and μq the shear modulus of quartz (dyn cm -2 ).
Results and Discussion

Improvement of the optical response by POSS modification
The transfer matrix method predicts that the introduction of an intermediate layer changes the optical sensitivity of the Au-QCM surface due to light interference (Eqs. (S1) -(S6) and Table S1 , Supporting Information). Previously, I observed that SiO2 and subsequent Au deposition on the Au-QCM surface improved the sensitivity by approximately two-fold, and hypothesized that a silicon-backbone organic structure resulted in the optical enhancement.
A POSS is an organic-inorganic hybrid material 27, 28 and POSS-derivatives with amine and thiol groups are suitable for the chemical modification of the Au-QCM surface. Thus, layer-by-layer deposition of POSS-derivatives and Au layers was developed first. The Au-QCM surface was modified by the POSS-derivatives via the amine coupling method 29, 30 (Scheme S1, Supporting Information). The synthesis and analysis of POSS-NH2 were summarized in the Supporting Information (Figs. S1 and S2) . BSA adsorption on the Au-QCM surface was performed to estimate the optical enhancement ( Fig. 1 and Table 1 ). The POSS-modified surface with a 4-nm deposited Au layer increased the QCM and the optical responses compared to the Au-QCM surface (Figs. 1A and 1B) . To elucidate the optical enhancement, the optical response was plotted as a function of the QCM response (Fig. 1C) . The slope, the reflectance change at 470 nm (∆R470nm) divided by the QCM response (∆F), indicated the optical amplification when normalized by the slope of the Au-QCM surface. Since the POSS-modified showed a 3.5-fold increase in the optical response, the effect of the intermediate layer was interrogated (Fig. 2) . Introduction of the carboxyl SAM to the Au-QCM surface improved the sensitivity by up to two-fold and a subsequent modification by POSS-derivatives further boosted the sensitivity by up to 3.5-fold (Fig. 2A) . The deposited Au layer thickness showed the maximum sensitivity around 4 nm on the POSS-modified surface (Fig. 2B) . Notably, repeating the Au-POSS layer by up to three times resulted in similar optical responses (Fig. S3A , Supporting Information) and the sensitivity deteriorated as the number of the POSS layer increased (Fig. S3B, Supporting Information) . The results showed that combination of the POSS monolayer and thin Au layer is the key to attain high sensitivity.
Interrogation of the underlying mechanism of the optical response
Carboxyl SAM formation was performed on the standard Au-QCM surface and the POSS-modified surface (Fig. 3) . The QCM responses were similar on each surface (-∆F = 270 Hz) and the reflectance change on the modified surface was fourtimes larger (-∆R470nm = 2%) compared to the reference surface (-∆R470nm = 0.5%). This result confirmed that the optical response was indeed improved. Unexpectedly, the theoretical reflectance change simulated by the transfer matrix method failed to predict the increased sensitivity (Fig. S4, Supporting  Information) . This implies that another mechanism is involved besides light interference. AFM scanning was performed on each surface to understand the surface condition (Fig. S5 , Supporting Information). Au deposition introduced some clusters of Au particles while the surface was comparable to the Au-QCM surface (Figs. S5A and S5B, Supporting Information) . In contrast, the piranha treatment resulted in the deteriorated surface roughness and created some clumps (Fig. S5C,  Supporting Information) . Syahir et al. demonstrated that a merged silver-silver oxide layer doubled the optical response of an Au surface due to increased surface roughness and area. 31 The obtained results imply that the piranha treatment created crevasse that increased the surface area, where the molecules adsorbed onto and led to the failed simulation by the transfer matrix method. The heterogeneous surface can be problematic for the quantitative analysis of molecular adsorption because the introduced surface roughness and chemical heterogeneity often mislead data interpretation. 32 In order to increase the optical sensitivity on a robust surface, the metal-metal oxide layer was explored next.
The optical enhancement by TiO2-Ti layer formation on the Au-QCM surface
A 700-nm Ti-coated QCM surface was used as a template for anodic oxidation to form a TiO2 layer. The TiO2 layer thickness formed on the surface was estimated by the matrix transfer method and set to be 35 -40 nm based on the theoretical and experimental reflection spectra. (Fig. S6A, Supporting  Information) . The simulation showed a liner increase in the reflectance at 470 and 650 nm as a function of the adsorbed film thickness on a 35 -40 nm TiO2 substrate (Fig. S6B, Supporting  Information) . Since the subtracted reflection using 470 to 650 nm removes the background noise and causes a large change in the reflectance, the subtracted reflectance (∆R650-470 nm) was adopted. To confirm the improved sensitivity, mass calibration by lipid bilayer formation was conducted (Fig. 4) . A lipid bilayer formed on the QCM surface behaves as an elastic film where the frequency changes of QCM (∆F) in air and water phases are identical. In this case, the Sauerbrey equation (Eq. (1)) is applicable for mass conversion. The mass calibration on the TiO2-QCM surface showed the four-fold increased sensitivity compared to the standard Au-QCM surface ( Fig. 3 and Table 2 ). The sensitivity retained after repeated UV-ozone clean while the surface roughness was increased, yet comparable to the Au-QCM surface (Figs. S5A and S6C, Supporting Information). The enhanced sensitivity can be attributed to combined the surface roughness and the distinct optical properties of the surface.
Protein adsorption on the TiO2-QCM surface
The robust TiO2-QCM surface revealed distinct adsorption of proteins ( Fig. 5 and Table 2 ). BSA and NAv adsorption resulted in substantially different QCM responses (Fig. 5A) . Similarly, the optical mass showed that the NAv adsorption was almost half of BSA adsorption. The results ostensibly indicate that the QCM overestimated the adsorbed mass of NAv molecules on the BSA layer and suggest that the NAv layer behaved as a more viscous film compared to the BSA layer alone. However, the enhanced optical system revealed a subtle difference of the individual protein properties during the initial phase of adsorption (Fig. 5B) . The initial slope of the adsorbed mass measured by the light reflection-based QCM was larger in BSA compared to NAv. The previous studies suggests that the slope represents the viscoelastic properties, such as the hydration of individual proteins. 17, 33 The obtained slope distinguished the two and presumably reflected the hydrophilic nature of BSA molecules. In contrast, the conventional Au-QCM surface failed to detect such small differences in the sequential adsorption event (data not shown). The developed technique enabled the quantification of molecular adsorption as well as the physicochemical properties of biomolecules.
Conclusions
In this study, organic-inorganic and metal-metal oxide intermediate layers were fabricated on the Au-QCM surface to improve the optical response. POSS-derivatives with a thin deposited Au layer served as an organic-inorganic layer. The POSS-modified surface improved the sensitivity by 3.5-fold compared to the surface. The optimized POSS-modified surface successfully detected the SAM formation of 3,3′-dithiodipropionic acid illustrated by the increased optical response. The AFM imaging suggests that the cleaning treatment prompted surface segregation and clump formation that likely resulted in optical amplification.
Alternatively, a 35 -40 nm TiO2 layer was generated on a Ti-coated QCM surface by anodic oxidation and validated as a metal-metal oxide layer. The TiO2-QCM surface, resistant to the repeated cleaning cycles, achieved more than a four-fold increased optical response, confirmed by mass calibration. The surface revealed differential protein adsorption in a quantitative manner. The developed TiO2-surface is readily integrated to a QCM combined with an admittance method (QCM-D), where energy dissipation evaluates the adsorbed film properties. For instance, the technique combined with the QCM-D system revealed the differential adsorption of lipid vesicles on the surface. 34 Such a system can interrogate molecular adsorption events from multiple analytical viewpoints.
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